Abstract-This brief presents a new approach to cancelling self-interference in full-duplex radios. By augmenting minimalcomplexity analog cancellation hardware using a radio frequency vector multiplier with the flexibility and effectiveness of a digital baseband rational function finite impulse response (FIR) filter, the proposed approach enables excellent cancellation performance over a wide modulation bandwidth. This algorithm is devised by exploiting a simplified baseband equivalent behavioral model of the front-end of the full-duplex radio. This allows the parameters of the rational function FIR filter to be identified linearly using the least-squares estimation. The hardware proof-of-concept prototype, built using off-the-shelf components, demonstrated minimum self-interference cancellations of 50 and 40 dB for digitally modulated test signals with modulation bandwidths of 20 and 40-120 MHz, respectively.
I. INTRODUCTION
F ULL-DUPLEX (FD) radio transmission has attracted significant attention recently. This is mainly due to its theoretical potential to double the spectral efficiency achieved by its half-duplex counterpart, by allowing simultaneous transmission and reception of signals at the same frequency band.
A major challenge to the full and practical realization of FD radios is the large signal leakage from the transmitter (Tx) into the sensitive receiver (Rx) chain -the self-interference (SI) signal. Many SI cancellation techniques have been proposed in the literature, and they can be divided into three categories. The first category, passive suppression, occurs at the antenna interface and electromagnetically isolates the Tx from the Rx [1] - [9] . The second category, analog cancellation, relies on producing a cancelling signal that is injected into the Rx chain to cancel the signal leaking from the Tx [1] - [3] , [10] - [14] . The final category, digital cancellation, subtracts the SI signal samples from the received signal samples in the baseband after both signals have undergone digitization [2] , [3] , [10] , [15] , [16] . Manuscript Previous research has found that 110 dB of SI cancellation is necessary to avoid degradation in the performance of an FD radio Rx [10] . To achieve such a large amount of cancellation, the three aforementioned SI cancellation techniques are often combined. Although results demonstrating up to 110 dB of SI cancellation have been achieved, the works predominantly used signals of relatively narrow bandwidth (between 1 MHz and 20 MHz). SI cancellation across such a narrow bandwidth is insufficient for current 4G wireless networks, let alone future 5G wireless networks which will be utilizing significantly wider bandwidth.
It had been noted in a number of studies that it is mainly the analog cancellation that limits the bandwidth of the SI cancellation techniques [2] , [10] - [12] . In an effort to increase the analog cancellation bandwidth capacity, the concept of a radio frequency (RF) finite impulse response (FIR) filter was exploited in [10] and [11] . They demonstrated almost 40 dB of cancellation over an 80 MHz bandwidth. Alternatively, a frequency-domain equalization-based wideband SI cancellation approach was proposed [12] and realized 20 dB of cancellation over an 25 MHz bandwidth. In general, these bandwidth extension approached suffer from relatively significant trade-offs between implementation complexity and cancellation performance, a challenge discussed in detail in the next section. In this brief, a new approach extending the cancellation bandwidth of analog cancellation techniques is proposed. It consists of augmenting a low-complexity analog canceller with a digital baseband rational function FIR filter.
The remainder of this brief is organized as follows. Section II briefly describes existing analog cancellation topologies, highlights their limitations and presents the proposed digitally-assisted analog cancellation scheme. Then, a linear parameter identification algorithm for the proposed digital rational function filter is outlined. Experimental validations under various wideband signals are presented in Section III and the conclusion is provided in Section IV.
II. EXISTING AND PROPOSED RF-ANALOG SI CANCELLATION SYSTEMS
Many RF-analog canceller topologies have been reported in the literature. They can be divided into two main categories: auxiliary Tx chain based topologies (e.g., [3] and [13] ), as shown in Fig. 1a ; and magnitude and phase adjustment topologies (e.g., [2] ), as shown in Fig. 1b .
In the former type, the auxiliary Tx chain generates a replica signal that is out of phase with the output of the main Tx chain. To realize good cancellation, the digital baseband must be fed accurate estimations of the various linear and nonlinear distortions in the main Tx chain, which requires complex behavioral models and a wideband auxiliary Tx (typically five times the signal modulation bandwidth) in order to accurately reproduce the higher-order intermodulation products generated by the nonlinearity of the Tx chain. This results in a significant increase in the overall power consumption of the canceller. Furthermore, the random Tx noise at the PA output can not be reproduced in the auxiliary Tx. Its leakage into the Rx chain might significantly raise the Rx noise floor due to the high output power of the Tx.
In contrast, the magnitude and phase adjustment topology in Fig. 1b has gained popularity. In this topology, an adjustment element consisting of a variable attenuator and a phase shifter (or equivalently using an RF vector multiplier (RF-VM) [17] ) is needed. A directional coupler takes a sample at the output of the power amplifier (PA), and the adjustment element changes the magnitude and phase of the sampled PA output before it is combined at the input of the Rx chain. As the sampled output already embeds the distortions and noise from the Tx chain, complex behavioral models are no longer needed and the impact of Tx noise to the Rx noise floor could be minimized. While this topology has demonstrated good cancellation (40 dB) for signals of relatively small bandwidth (10 MHz) [2] , the amount of cancellation degrades rapidly as the modulation bandwidth broadens. This is mainly due to the approach's inability to address the frequency dependent responses from the leakage path. To address this frequency selectivity, the concept of RF FIR filters has been exploited. Bharadia et al. [10] and Tamminen et al. [11] augmented the Block diagram of the proposed digitally-assisted RF-analog SI cancellation. 
A. The Proposed SI Cancellation Approach
The proposed approach follows the trend of many of the aforementioned RF-analog cancellers by employing the basic topology shown in Fig. 1b . Previous works realized wideband cancellation through multiple RF taps, increasing the size and power consumption of the canceller and leading to more circuit non-idealities. Instead, the proposed cancellation scheme overcomes these challenges by augmenting the basic topology with a low-complexity but adequate digital filter. The proposed scheme if flexible and minimizes complexity while maximizing the cancellation performance.
A block diagram of the proposed FD radio, including the SI canceller, is illustrated in Fig. 2 . The single RF-VM dynamically adjusts the magnitude and phase of the sampled Tx signal through a baseband control signal,ṽ(n). This control signal is synthesized by processing the baseband components of the Tx signal,x(n), with the aforementioned digital filter.
To derive the governing equation of the filter, a simplified behavioral model of the SI canceller is proposed. Fig. 3 shows its block diagram, which includes two FIR filters, h and g, and one VM. Here the FIR filter, h, models the overall frequency dependent magnitude/phase response in the isolation path, which includes the two couplers and the circulator. The other FIR filter, g, is needed to model the frequency dependent magnitude/phase response in the SI cancellation path (includes the couplers, the RF-VM and the post-amplifier). It is worth mentioning that the cancellation path is nonlinear, due to the multiplication. The cancellation is modelled using a linear block (i.e., the FIR filter g), followed by a nonlinear block (i.e., the multiplier). This arrangement leads to a simple expression for the control signal,ṽ(n), as will be shown below.
According to Fig. 3 , y(n) is expressed as
where h i and g i denote the i-th coefficients of the FIR filters h and g, respectively, and K 1 and K 2 denote the length of FIR filter h and g, respectively. In the case of perfect cancellation, i.e., y(n) = 0, the control signal can be derived from (1) as followsṽ
According to (2), the control signal that would achieve perfect cancellation can be synthesized using a baseband rational function FIR filter. Table I summarizes the complexity of the two main selfinterference cancellation techniques (i.e., Fig. 1a and Fig. 1b , respectively) as well as the proposed one. According to the table, the auxiliary TX technique [3] , [13] has the largest component count and requires dedicated, highly linear amplifier stages, since it is not using the main PA output to construct the cancellation signal. This would cause the power consumption of the auxiliary TX to be significant compared to that of the main transceiver. In addition, this technique will require proper behavioral modeling of the main and auxiliary transmitters and is not capable of cancelling the Tx noise leaked into the Rx. In contrast, the multiple-tap magnitude and phase adjustment technique and the proposed technique avoid these constraints by sampling the main PA output, hence reducing the complexity and power consumption. To limit the component count compared to the technique in [10] and [11] and the underlying calibration of IQ imbalance in each of the RFVMs, this brief opted for a digitally-assisted, single VM based technique. Reducing the component count reduces the potential sources of non-idealities, which can limit the amount of self-cancellation when dealing with wideband signals.
B. The Proposed Parameter Identification Algorithm
In this sub-section, a linear algorithm to identify the coefficients of the digital rational filter (i.e., h and g) is proposed. This algorithm does not require iteration, hence it minimizes the effects of the parameter identification process on the transceiver. Referring to Fig. 3 , it can be seen that the proposed canceller block diagram is a dual-input-single-output system. During the parameter identification process, input test signalsx(n) andṽ(n) are synthesized in the digital baseband and the output signal,ỹ(n), is captured by the Rx. With N samples ofx(n),ṽ(n) andỹ(n), a matrix in the form of (1) is derived. where X, Y and W denote the input signals matrix, the output signal vector and unknown coefficients vector, respectively. They can be described as follows
Note that L denotes the filter delay defined as L = max(K 1 , K 2 ). Eq. (3) reveals a linear relationship with regard to the unknown coefficients h i and g i . As a result, a leastsquares estimation method can be applied to identify the values of the unknown coefficients.
III. VALIDATION RESULTS
A. Test Bench
To assess the performance of the proposed digitally-assisted RF-analog SI canceller (see Fig. 2 ), an experimental setup using off-the-shelf components was devised. It is illustrated in Fig. 4 . Here, the baseband signal driving the Tx chain is generated using an arbitrary waveform generator (AWG), Keysight N8241A. The Tx chain consists of an I/Q modulator operating at a carrier frequency of 1.95 GHz, followed by two stages of amplifications to attain 23 dBm of peak envelope power at the output. Passive suppression is realized through a circulator, MECA CN-1.950-GR, to provide a fixed isolation of 23 dB between the outgoing Tx signal and the incoming Rx signal. A 20 dB directional coupler (Anaren IP520S) is placed at the output of the Tx chain to sample the transmitted signal. Subsequently, an RF-VM (ADL5390) controlled by another baseband AWG is used for the magnitude and phase adjustment. The output of the RF-VM is then amplified by a driver amplifier before being combined with the Rx chain through a 10 dB directional coupler (Anaren IP510S). A vector signal analyzer (Keysight N9030A) was employed to emulate the receiver chain and determine the extent of SI cancellation.
B. Evaluation of the Proposed Cancellation Scheme
The proposed cancellation scheme was implemented in the aforementioned test bench. The digital rational function FIR filter coefficients were identified using the procedure described in Fig. 5 . The procedure starts by synthesizing an input modulated signalx(n) and uploading it to AWG-1. Then a gradient-based search algorithm is used to determine a constant control voltage, c, which minimizes the cancellation at the center frequency. Subsequently, the control signal,ṽ(n), is set according to the following expressioñ
This control signal was uploaded to AWG-2 and the output signal,ỹ(n), was captured by the Rx. The baseband digital FIR filter coefficients were then identified using the algorithm previously described in Sections II-A to II-B. A total of 2000 sampled were used in the training.
Once filter coefficients h and g were known, the proposed rational function FIR filter was applied to the baseband input signal components to obtain the control voltage. The extent of the cancellation achieved by the proposed cancellation scheme was then assessed by evaluating the amount of signal leakage into the Rx with and without the SI cancellation approach applied. Three different test scenarios were used: 1) passive suppression only, 2) passive suppression and the conventional narrow-band cancellation (similar to Fig. 1b)  and 3 ) passive suppression and the proposed digitally-assisted RF-analog cancellation scheme. 6 depicts the level of signal leakage corresponding to the three test scenarios, when using modulated signals of increasing bandwidth from 20 MHz to 120 MHz. These measurements were conducted while maintaining a peak power of 23 dBm at the PA output. Furthermore, the digital rational FIR filter orders, K 1 and K 2 , were both set to 3 to minimize the underlying hardware complexity. According to Fig. 6a , the proposed method maintained excellent SI cancellation of about 50 dB over a 20 MHz signal bandwidth. It represents an improvement of about 20 dB cancellation compared to the narrow-band scheme shown in Fig. 1b . This brings the combined SI cancellation obtained using passive suppression and the proposed digitally-assisted RF-analog approach to 73 dB. This significant reduction in the SI signal will facilitate digital cancellation to reach the required total SI cancellation (110 dB) for a successful FD radio. Fig. 6(b)-(d) demonstrates the ability of the proposed cancellation technique to maintain excellent SI cancellation, higher than 40 dB, for test signals with modulation bandwidths of up to 120 MHz. This confirms the capacity of the proposed cancellation approach to address the frequency-dependent behavior of the isolation path with minimum hardware complexity compared to previous approaches reported in the literature. 
IV. CONCLUSION
In this brief, a new approach to RF-analog SI cancellation is presented. Experimental measurements using the proposed approach demonstrate that over 40 dB of SI cancellation can be achieved with a modulation bandwidth of up to 120 MHz. The identification of the digital filter parameters requires only one iteration and the complexity in the RF domain has been moved to the digital domain. This simple, yet flexible, approach improves upon the cancellation that can be achieved before a low noise amplifier, and compared to approaches presented in previous works.
